Approximately one in 500 individuals carries a reciprocal translocation. Of the 121 monosomy 1p36 subjects ascertained by our laboratory, three independent cases involved unbalanced translocations of 1p and 9q, all of which were designated t(1;9)(p36.3;q34). These derivative chromosomes were inherited from balanced translocation carrier parents. To understand better the causes and consequences of chromosome breakage and rearrangement in the human genome, we characterized each derivative chromosome at the DNA sequence level and identified the junctions between 1p36 and 9q34. The breakpoint regions were unique in all individuals. Insertions and duplications were identified in two balanced translocation carrier parents and their unbalanced offspring. Sequence analyses revealed that the translocation breakpoints disrupted genes. This study demonstrates that apparently balanced reciprocal translocations in phenotypically normal carriers may have cryptic imbalance at the breakpoints. Because disrupted genes were identified in the phenotypically normal translocation carriers, caution should be exercised when interpreting data on phenotypically abnormal carriers with apparently balanced rearrangements that disrupt putative candidate genes.
Introduction
Approximately one in 500 individuals carries a reciprocal translocation. Although balanced translocations are usually associated with normal phenotypes, carriers are at an increased risk of reproductive failure and having offspring with unbalanced rearrangements owing to the abnormal segregation of the rearranged chromosomes. The abnormal phenotype is usually attributed to an imbalance of dosagesensitive genes resulting from the unbalanced karyotype. Although reciprocal translocations are a relatively common class of rearrangements, little is known about the mechanisms that result in translocation formation.
The initial identifications of translocations were made before the use of chromosome banding techniques; these translocations were large and easily distinguished from the normal homolog based on the overall size of the chromosome. With the advent of banding techniques and high-resolution chromosome analysis, more subtle translocations have been identified. The use of molecular cytogenetic technologies such as fluorescence in situ hybridization (FISH) and array-based comparative genomic hybridization (array CGH) have enabled more in-depth characterization of chromosome rearrangements and the identification of cryptic or submicroscopic deletions that are not visible at the current resolution of banded chromosomes. However, few studies have gone beyond the level of the light microscope and sequenced the breakpoints of translocations. 1 -8 Our laboratory has been investigating the clinical aspects and the molecular delineation of deletions of 1p36. Our previous work has shown four classes of rearrangements among subjects with monosomy 1p36: terminal deletions, interstitial deletions, unbalanced translocations, and complex rearrangements. Of 121 subject cell lines examined to date, 15 unbalanced translocations have been identified 9, 10 (Shaffer, unpublished data). Of these, four cases involved unbalanced translocations between 1p36 and 9q34. Three of these cases are independent and were chosen for the investigation of possible common mechanisms of formation. 11 During the cloning of the translocation junctions, cryptic imbalance and gene disruptions were identified in the clinically normal, balanced translocation carrier parents.
Subjects and methods

Subjects
We examined 121 subjects with monosomy 1p36 for deletion sizes, parental origin, and classes of rearrangements 9,10,12,13 (Shaffer, unpublished data) . Of these, four subjects, two of which were brother and sister (collectively subject 55), showed unbalanced translocations derived from rearrangements between 1p36 and 9q34. These subjects were known to have inherited unbalanced translocations from a balanced translocation carrier parent: subject 55 has a maternally inherited derivative chromosome 1 and subjects 63 and 70 have paternally inherited derivative chromosomes 1. All three subjects have partial monosomy of 1p36 and partial trisomy of 9q34 [der(1)t(1;9)(p36.3;q34.
3)]. Subject 55a is a 3-year-old Caucasian male born to a 32-year-old G5P2-3, AB2 woman. Several level II ultrasound examinations during the pregnancy showed that he was small for dates. He was born at term by cesarean section secondary to fetal distress. His birth weight was 5 lbs, 9 oz. At 8 weeks of age, he was diagnosed with dilated cardiomyopathy and was placed on digoxin. There was a question of seizures during this time and he was placed on phenobarbital. There is no other history of seizures. He has a history of reflux that could not be controlled by medication, but has had no GI surgeries. At 7 months of age, a brain magnetic resonance imaging (MRI) showed mild to moderate enlargement of the lateral and third ventricles. The white matter myelination was less mature than that expected for a 7 month old, with maturation more typical of a 4-to 5-month-old child. The extra-axial spaces were generous. At age 1 year, he was diagnosed with hypothyroidism. He crawled at 2 years of age, walked at 3 years of age, and has several single words. At 3 years of age, his weight was 14.5 kg (50th percentile), his height was 93.8 cm (50th percentile), and his FOC was 47 cm (o2nd percentile). Facial features included mild brachycephaly, small appearing ears, no dysplasia or asymmetry of the ears, upslanting palpebral fissures, slightly deep-set eyes, flat nose and nasal bridge, and pointed chin. Examination of his extremities revealed short hands and feet, short fifth fingers, and no clinodactyly. He had mild scrotal hypoplasia, with testes high in the scrotum. On neurologic examination at age 3 years, 4 months, he had normal tone. Although an electroencephalogram (EEG) did not show any epileptiform features, superimposed slow activity in the anterior and posterior regions was present. He had a normal swallow function study. His receptive language was equivalent to an 18 month old, and his expressive language was at the 13-month level.
Subject 55b is the half-sister of subject 55a. She was born at term. Her birth weight was 6 lbs, 3 oz (50th percentile). She had tonic-clonic seizures noted at 3 weeks of age. At the time of evaluation at 11 years of age, she was on topamax. On medication, she had about 2 -3 seizures per month. She has a history of cardiomyopathy and was treated with digoxin for 2.5 years. At the time of evaluation, she was on synthroid for hypothyroidism. At age 11 years she had generalized hypotonia with intact deep-tendon reflexes, a strong startle reflex, mild scoliosis, and language skills at the 4-month-old level. Her fine motor skills were at the 9-month-old level and gross motor skills at the 10-month-old level. On the Bayley Scale of Infant Development, she was significantly delayed with developmental mental age equivalent of 8 months and 10 months for psychomotor development. The EEG results were abnormal, with poorly defined generalized slow and sharp wave complexes, which may represent an epileptiform pattern. A brain MRI showed mild opening of the sylvian fissures bilaterally and a thickened cortex consistent with polymicrogyria in both cerebral hemispheres in the perisylvian regions. There was absence of the septum pellucidum, dysgenesis of the splenium of the corpus callosum, and dilatation to the atria and occipital horns of the lateral ventricles. This is superimposed on a mild prominence to the third and lateral ventricles. There was undermyelination in the anterior lobes bilaterally and a mild degree of cerebellar atrophy or cerebellar hypoplasia. Auditory brainstem response audiometry showed loss in the 1000 -4000 Hz frequency bilaterally. At 11 years of age, her weight was 31.3 kg (25th percentile), height 126.5 cm (o3rd percentile), and FOC of 51.2 cm (50th percentile). Her facial features included brachycephaly, low hairline, small ears, no apparent hypotelorism, short palpebral fissures, deep-set eyes, prominent nasal bridge, flat nose, and pointed chin. Her extremities showed small hands and feet, short fifth fingers, clinodactyly, and tapered fingers. She was Tanner stage III. She has the same unbalanced translocation derived from her mother's balanced translocation that her half brother (subject 55a) carries.
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Subject 63 is a Caucasian male who had chromosome analysis at 2 weeks of life because of a heart defect (Epstein anomaly), hypotonia, and cryptorchidism (repaired). He rolled over at 18 months, sat independently at 23 months, and crawled at 3 years of age. At 3 years of age, the child did not have seizures, had a normal brain computed tomography (CT) scan, and no apparent hearing loss. His left eye showed astigmatism. At 3 years of age, he was nonverbal but would make recognizable signs when offered food or toys. He did not demonstrate any self-abuse behaviors. At 3 years of age, the subject was 26 lbs (third percentile) and 90 cm tall (10th percentile). Although the cytogenetic results were apparently normal, he had a subtelomeric FISH analysis at 3 years of age that showed a derivative chromosome 1 [ish der(1)t(1;9) (p36.33;q34.3) (1pterÀ,9qtel þ )]. Subsequent cytogenetic and FISH analyses on the parents revealed that the father carries a balanced translocation t(1;9)(p36.33;q34.3).
Subject 70 is a Caucasian female referred for a history of seizures at age 3.75 months. A two-vessel cord and poor fetal growth were noted during the pregnancy. An amniocentesis was performed and chromosome analysis was reportedly normal. She was born at 40 weeks gestation via cesarean section for transverse breech presentation. Her birth weight was 5 lb, 5 oz (50th percentile for a 35.5-week gestation). For the first 2 months of life, she had GE reflux and occasional nasal regurgitation. She has a history of seizures, beginning at 3 months of age, and was on phenobarbital at the time of examination. Her brain MRI and CT scan appeared normal. An EEG did not reveal any abnormal activity. She has bilateral exotropia, left ptosis, and her right retina is smaller than her left. She has no known cardiac abnormalities. At 3.75 months of age, her height was 58.5 cm (25th percentile) and her head circumference was 39.5 cm (50th percentile). Her anterior fontanel was 3 cm Â 3 cm. Her forehead was broad and the right front was protuberant. Her inner canthal distance, outer canthal distance, and interpupillary distance were all within normal range (50th percentile). Her ears were low set, posteriorly rotated, and small (3rd percentile). In addition, she showed clinodactyly and syndactyly of toes 3 -5 on the right foot. Although routine chromosome analysis on peripheral blood lymphocytes was reportedly normal, FISH with subtelomere probes identified an unbalanced translocation between chromosomes 1 and 9 [46,XX.ish der(1)t(1;9)(p36.3;q34)]. Subsequent testing revealed that the father carries a balanced translocation between chromosomes 1 and 9.
Array CGH analysis To determine the sizes of 1p36 deletions, microarray-based comparative genomic hybridization (array CGH) was performed on subjects 55 and 70 as previously described 14 using a microarray constructed from 97 clones from a minimal tiling path of the most distal 10.5 Mb of 1p36. 10 Microarray analysis for subject 63 was performed at Signature Genomic Laboratories, LLC (Spokane, WA, USA) using the SignatureChip s (Figure 1 ).
FISH analysis
To confirm the results of the array CGH analysis, FISH was performed with probes corresponding to the breakpoint clones on the 1p36 contig as previously described. 15 bacterial artificial chromosome (BAC) probes were selected using the UCSC (http://www.genome.ucsc.edu) and NCBI (http://www.ncbi.nlm.org) genome browsers to identify clones to distal 9q. These clones were used in metaphase FISH to determine the sizes of the 9q partial trisomies. The breakpoint-containing clones are shown in Table 1 .
To confirm the results from array CGH and metaphase FISH, fiber FISH analysis was performed with the breakpoint-containing BACs according to the methods of Rautenstrauss et al.
16
Generation of somatic cell hybrids To identify the 1p36 breakpoints, somatic cell hybrids from each unbalanced subject were generated as previously described. 17 Somatic cell hybrids containing either the derivative chromosome 1 or the normal chromosome 1 were identified for each subject. Additionally, hybrids were constructed from the transformed lymphoblast cells from the mother of subject 55. Hybrids containing the derivative chromosome 9 and derivative chromosome 1 were identified after screening with microsatellite markers and FISH as previously described.
17
STS marker walking
To identify the 1p36 breakpoints in each subject, STS markers were designed and polymerase chain reaction (PCR) analyses were performed using hybrid DNA containing the derivative chromosome 1 from each subject. DNA sequence obtained from GenBank (www.ncbi.nlm.nih.gov) corresponding to the genomic region containing the 1p36 breakpoint of each subject was analyzed. Repetitive elements were masked from the sequence using Repeat Masker (http://www.repeatmasker.org/) and 200 -400 bp STS markers were designed from the unmasked unique sequence using Primer 3 (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi). Breakpoints were narrowed using markers spaced B20 kb apart along the length of the chromosome followed by B5 kb apart and finally B1 kb apart. To prepare for the subsequent TOPO Walker protocol, the breakpoint for each subject was narrowed to 200 -300 bp. PCR was performed using 50 ng of the subject's hybrid DNA, 10 pmol each primer, 10 Â buffer (TaKaRa), 2.5 mM each dNTP (TaKaRa), and 0.6 U TaKaRa Ex Taq (TaKaRa) in a final volume of 15 ml. PCR reactions were initially denatured at 941C for 5 min followed by 35 cycles of denaturation at 941C for 45 s, annealing at extension at 721C for 10 min.
TOPO Walker protocol
The TOPO Walker Kit (Invitrogen, Version E, for isolating and sequencing unknown BAC DNA) was used to amplify and sequence junction fragments in each subject. We used restriction enzymes that are predicted to leave a 3 0 overhang based on the sequence near each breakpoint: SacI (subject 55), BglI (subject 63), PstI (subject 70). We followed the standard TOPO Walker protocol with the following modifications. Nested PCR was performed using 0.5 ml of 1/1000 diluted initial PCR product, 50 ng LinkAmp Primer 2, 50 pmol GSP3, 10 Â buffer (TaKaRa), 2.5 mM each dNTP (TaKaRa) and 1 U TaKaRa Ex Taq (TaKaRa) in a final volume of 20 ml. PCR reactions were initially denatured at 941C for 4 min followed by 27 cycles of denaturation at 941C for 35 s, annealing at 611C for 35 s, extension at 721C for 1 min, and a final extension at 721C for 4 min.
Junction DNA sequencing Gel-purified PCR products from the TOPO Walker protocol were sequenced using an ABI PRISM 3100-Avant genetic analyzer and Big Dye reagents (Applied Biosystems) using previously described methods. 18 Sequences were localized in the human genome version hg18 using BLAT. 
Results
Characterization of rearrangements
Array CGH was performed to determine the sizes of the 1p36 deletions. Figure 1 shows an example of array CGH results for the rearrangement in subject 63. A deletion of 4.27 Mb is shown by a loss of DNA as compared to the normal control reference. Likewise, this rearrangement shows a gain of 9q sequences as compared to the normal control reference. Table 1 presents array CGH and metaphase FISH results confirming the 1p36 deletion sizes and 9q34.3 translocation fragment sizes and the breakpoint-containing BAC for each of the three independent rearrangements. Breakpoint locations are different in all three, with no common 1p deletion or 9q translocation breakpoint.
We performed fiber FISH to confirm our array CGH and metaphase FISH results. Using BAC clones that contained the breakpoints from the 1p36 and 9q34.3 regions, the junctions were confirmed by visualizing the proximity of the BACs for each rearrangement. Representative fiber FISH results for the junction in the rearrangement found in subjects 55 are shown in Figure 2 .
Junction analyses STS marker walking analyses using hybrids containing derivative chromosomes 1 allowed us to define the 1p36 breakpoint in each rearrangement at the sequence level. After narrowing the regions containing the junctions, we used the TOPO Walker protocol to amplify across the junctions. To accomplish this, we used a unique-sequence reverse primer located 200 -300 bp from the putative 1p36 breakpoint and a forward primer LinkAmp Primer 2 (from the TOPO Walker kit). We were able to clone the junction fragments and perform sequence analyses for the junctions between 1p36 and 9q34.3 in each derivative chromosome 1 (Figure 3) . Because the balanced translocation carrier parents were available for all three subjects, both the derivative 1 and derivative 9 junctions could be analyzed. On the derivative chromosomes 1 for subjects 55 and 63, 5-bp insertions between the 1p36 and 9q34.3 fragments were identified. In subjects 55, the insertion sequence consists of five cytosine bases, whereas in subject 63, a CACCT sequence was identified at the junction. A simple junction in subject 70 for the derivative 1 was observed with no additional sequence. In each subject, the sequences belonging to either chromosomes 1 or 9 at the cloned and sequenced fragments showed 99 -100% identity to sequences for that respective chromosome using BLAT analysis (http://genome.ucsc.edu/cgi-bin/hgBlat, March 2006 assembly).
Using cell lines from the carrier mother of subjects 55, the carrier father of subject 63, and the carrier father of subject 70, the junctions at the derivative chromosomes 1 were confirmed and the junctions at the chromosomes 9 were analyzed. The same CCCCC insertion identified on the derivative chromosome 1 in both subjects 55 was found in the balanced carrier mother (Figure 3a) . In addition, a 5-bp (TGGGG) fragment was found at both junctions on the derivative 9 and derivative 1 chromosomes, resulting in a cryptic duplication in the balanced carrier mother. Thus, this phenotypically normal individual has a cryptic imbalance resulting in a 5-bp duplication and 5-bp insertion. Similarly, the junction at the derivative 9 in the father of subject 63 was cloned and sequenced, revealing a similar cryptic imbalance in the phenotypically normal father (Figure 3b) . The CACCT insertion found in subject 63 was confirmed in the balanced carrier father, and a 4-bp duplication (CAAG) on both the derivative 1 and derivative 9 was identified. No duplication or insertion of DNA sequence at the junctions in subject 70 and his father were observed (Figure 3c) .
To exclude the possibility that the five-nucleotide insertions represent discrepancies in the genome database sequences, the normal chromosomes 1 and 9 were Cryptic imbalance in normal translocation carriers M Gajecka et al sequenced at these locations in the mother and father of subjects 55 and 63, respectively, and five unrelated control individuals. The normal chromosomes did not show these 5-bp insertions, making it unlikely that they represent normal sequence variations.
The junction fragment analysis revealed that the breakpoints on 1p and 9q each interrupt a known or predicted gene in all rearrangements. Four breakpoints were identified in known genes and two breakpoints were identified in predicted genes (Table 2) . Thus, because the breakpoints and insertions disrupt known or predicted genes, this provides further support that the observed insertions are unlikely to represent normal genomic variation.
To predict whether the subjects' breakpoint junctions might produce fusion transcripts, we examined the putative products of each subject's breakpoint junction. In cases 63 and 70, the genes are transcribed in the opposite orientations. In these cases, transcription of a fusion gene is probably aborted. In the case of subject 55, both genes are transcribed in the same orientation but in different frames. A potential transcript might be produced, but the frameshift introduces premature termination Cryptic imbalance in normal translocation carriers M Gajecka et al codons less than 200 bp from the breakpoint junctions in both the derivative 1 and derivative 9, and such transcripts would be sensitive to nonsense-mediated RNA decay. Thus, we predict that no stable proteins are likely produced in any of the subjects from the derivative chromosomes.
Discussion
A direct correlation between genotype and phenotype is typically assumed for unbalanced translocations, the abnormal phenotyped attributed to either (1) an imbalance of dosage-sensitive genes caused by the gain or loss of one or both chromosome segments involved, (2) the disruption of a gene by a translocation breakpoint, or (3) the formation of a novel fusion gene product. Thus, for the 6% of balanced translocations that correspond with an abnormal phenotype, 23 it has been inferred that either the balanced translocation is not, in fact, balanced but contains duplications or deletions too small to be observed by cytogenetic means 24 -26 or the translocation is indeed balanced but one or more breakpoints disrupts a gene. 25 Recently, the breakpoints of several apparently balanced translocations in phenotypically abnormal carriers have been analyzed using molecular cytogenetic techniques, revealing the presence of small cryptic duplications and deletions. Gribble et al 26 used array CGH to characterize apparently balanced translocations in individuals with abnormal phenotypes. Because array CGH will not identify balanced rearrangements as abnormal, the group used flow-sorted chromosomes to separate the two derivative chromosomes and performed array CGH on each derivative chromosome. This resulted in the identification of three of 10 cases with complex rearrangements involving deletions, inversions, and insertions at or near the breakpoints. 26 As a negative confirmation of their hypothesis, the same group 27 examined 13 phenotypically normal individuals with apparently balanced reciprocal translocations using FISH and array CGH and reported that none had cryptic imbalance at the resolution of BACs, approximately 150 kb. Although they did not discover any insertions or deletions, consistent with their hypothesis, two breakpoints bisected known genes, which were larger than the breakpoint-containing BACs and were necessarily disrupted. 27 In contrast, we found cryptic imbalances in two carrier parents with apparently balanced translocations and normal phenotypes. This finding supports the suggestion that the abnormal clinical features observed in our unbalanced subjects are the result of partial monosomy of 1p36/partial trisomy of 9q34 rather than disruption of these genes. Further implications of our results are that the finding of imbalances and gene disruptions in apparently balanced translocation carriers with phenotypic abnormalities should be interpreted with caution because we have shown that this can be found in clinically normal individuals.
The present study also illustrates the necessity of examining breakpoints in translocation carriers at the sequence level. Although Batista et al 27 identified disruption of genes in two of 13 cell lines, this number may be artificially low because they were able to identify gene breakage only if the genes circumscribed the breakpointcontaining BACs. Because BACs are, on average, 100 -150 kb, any smaller disruption would be missed. Indeed, the 5-bp insertions in our study were not detected by FISH or array CGH and only could be detected after cloning the translocation breakpoints.
